Introduction {#s1}
============

Sonic Hedgehog (Shh) signalling pathway is one of the major trafficking networks that regulates the key events during developmental processes i.e growth and patterning of multicellular embryos.^[@R1]^ Aberration in the regulation and transduction of the Shh signalling pathway has been implicated in birth defects, tissue regeneration, stem cell renewal and cancer growth.^[@R2]^ The regulatory action of Shh signalling pathway is precisely linked to the secretion, uptake and translocation of 'Shh protein', an important Hedgehog (Hh) ligand precursors.^[@R3]^ Most importantly, Shh is one of the putative signalling molecules, which is implicated in the regulation of central nervous system (CNS) polarity and neural patterning.^[@R4]^ Named after "Sonic the Hedgehog", a computer game played by children in the early 90s, 'Sonic' appeared to have two closely set eyes with a common scleral rim, this form suggest holoprosencephaly, a condition seen in murine null mutation of Shh gene (Shh ¯/¯).^[@R5]^ It is initially secreted in the neural tube by the notochord and believed to induce differentiation of the floor plate cells, motor neurons, and inter-neurons.^[@R6],[@R7]^ The floor plate expresses Shh in response to the notochordal Shh signal.^[@R8]^ Gain and loss of function studies have revealed that Shh is not only necessary for ventral cell type induction but it has also been observed that targeted Shh gene disruption in mouse produces cyclopia when neural tube cells are absent and the recessive mutation results in a severe holoprosencephaly.^[@R9]^ In humans, Shh mutations are heterozygous and result in a variable clinical expression of holoprosencephalic phenotype.^[@R7]^ We have briefly reviewed the complex networks of the Shh signalling pathway with a particular emphasis on the molecular level alterations in Shh and its transduction resulting midbrain architectural pattern formation.

Shh graded signal inducing ventralization {#s2}
=========================================

Shh is one of the three vertebrate hedgehog genes (Indian, Desert, and Sonic) homologous to the *Drosophila* hedgehog.^[@R5]^ Shh acts as a morphogen, and induces different cells fates at different concentration thresholds, low concentrations induce ventral neurons, high induce motor neurons and very high floor plate cells. In Shh naïve neural plate explants, exposure to different concentration of Shh protein resulted in different cells.^[@R11],[@R12]^ During the spinal chord formation, Shh is generated ventrally in the notochord and floor plate cells inducing several classes of ventral interneuron progenitors (V0-V3) ([Fig. 1](#fig_1){ref-type="fig"}).^[@R12]^ It also helps to specify the identity of motor neuron progenitors and results in five classes of neurons.^[@R12]^ Inhibition of Shh signalling stops differentiation.^[@R13],[@R14]^

![Schematically represented alteration of ventral neuronal fate induced by different concentrations of Shh protein.^[@R12]^ D, dorsal neural tube; V, ventral neural tube; MN, motor neurons, FP, floor plates; Shh, Sonic Hedgehog. (Reproduced with permissions from Reference 12).](ANS0972-7531-21-28-g001){#fig_1}

High Shh concentration gradients in ventral spinal cord have also been found to activate class II genes such as NKx2.2 and Pax6, which encode for homeodomain transcription factors, bringing about the effect of the Shh gradient.^[@R12]^ On the other hand, it is found to inhibit class I genes. Thus Shh is instrumental in conserving ventral identity of the neural plate and establishing specific progenitor cell domains.^[@R15]^ However, in *Drosophila*, Shh functions both locally and over short (8-10 cell) distances.^[@R16]^

The core of Shh signalling pathway and Shh auto modification {#s3}
============================================================

As described above, the core of the diverse spatio-temporal responses of Shh signalling pathway is based on Shh protein gradient, which is likely to be generated by lipid modification of membrane anchored Shh and its movement in the morphogenetic field. Shh is initially synthesized as a 45-kDa precursor, it is auto proteolytically cleaved into two secreted peptides: a 19 kDa (amino terminus) Shh-N and 26 kDa (carboxy terminus) Shh-C. Mutations that block this auto proteolysis impair Hh function.^[@R17],[@R18]^ Shh-N has been shown to mediate signalling in vertebrates and invertebrates while Shh-C is believed to mediate the autoproteolysis reaction.^[@R19]^ Auto-proteolysis results in the addition of a cholesterol moiety at the C-terminus of Shh-N. After this addition, the Shh-C catalytic portion diffuses away and a palmitoyl group is added to the N-terminal of Shh ([Fig. 2](#fig_2){ref-type="fig"}).^[@R20]^ Palmitoylation of Shh-N is catalyzed by an acyltransferase, the Skinny hedgehog (Ski) acyltransferase.^[@R21],[@R22]^ Cholesterol addition is significant in the secretory regulation and long-range activity of the Shh protein.^[@R23],[@R24]^ Similarly, palmitoylation increases the inductive potency of Shh.^[@R25]^ Studies carried out *in vitro* and in knockout mice reported previously, suggest that palmitoylation of Shh protein is hindered in absence of cholesterylation implicating that dual lipid modification ([Fig. 2](#fig_2){ref-type="fig"}) is a key factor required for long range Shh signalling.^[@R26]^

![Schematic representation of dual lipid modification of Shh protein.](ANS0972-7531-21-28-g002){#fig_2}

Shh transport system {#s4}
====================

Secretion and distribution {#s4a}
--------------------------

The cholesterol-modified Hh is tethered to the cell membrane. Its transport is a highly complex process, which is regulated at different levels. Successful transportation of Shh from the secretory cell involves a series of steps. Firstly, Shh-N is "multimerized" to become dual lipid-modified Shh (M-Shh-N), which makes Shh soluble and diffusible enabling long range signalling.^[@R24]^ Secondly, it has also been suggested that "Dispatched" (Dsp)**,** a 12-pass transmembrane transporter protein with a sterol sensing domain (SSD) interacts with the cholesterol modified Shh-N, and releases it from its tether to the plasma membrane of secretory cells enabling it for long range signalling.^[@R27]^ Thirdly, Heparin sulphate proteoglycans (HPSG), such as Dally-like (Dlp) and Dally are responsible for extra-cellular transport of the Hh.^[@R27]^ HPSG are believed to transport M-Shh-N to its receptor Patched (Ptc) allowing M-Shh-N to move from one cell to another. Finally, an enzyme "Tout-velu" regulates the movement of M-Shh-N. "Tout-velu" works indirectly as it is needed in the heparin sulphate biosynthesis.^[@R28]^

Activation of Shh signalling {#s5}
============================

The activation of Shh signal requires binding of Shh to the Ptc mediated Smoothened (Smo) (Ptc-smo) receptor complex and induction of downstream signalling cascade. This is a heterodimeric receptor complex. Ptc-Smo heterodimeric receptor complex consists of two trans-membrane subunits, namely Ptc and Smo. Ptc gene codes for a 1286 amino acid protein having at least seven putative transmembrane α helices, which plays a major role in the down stream Shh signalling. In *Drosophila*, Ptc has been shown to be integral for correct patterning of segments, devoid of which all cells attain segment border cell characteristics.^[@R29]^ Binding studies using labelled Shh have shown that Hh receptor is encoded by Ptc.^[@R30]^ Ptc contains a sterol-sensing domain (SSD), which interacts with the cholesterol modified Shh.^[@R27]^ Binding of Shh signalling protein to Ptc regulates activity of Smo. Shh free Ptc has been found to act sub-stoichiometrically to suppress Smo activity, and thus it is critical in specifying the level of signalling activity.^[@R31]^

The Ptc suppressor normally functions as a transmembrane molecular transporter. Ptc is also believed to indirectly inhibit Smo activity, possibly through changes in distribution or concentration of a small inhibitor molecule.^[@R32]^ Smo is a member of the Frizzled (Fz) family of seven-pass trans-membrane receptors.^[@R33]^ As a response to the binding of Shh with Ptc, Smo is activated and stabilized. The activated Smo initiates the Shh downstream signalling cascade by encoding membrane proteins, which are similar to G protein-coupled receptors. Smo is also believed to encode a receptor of the Shh signal.^[@R34]^ It generates intracellular signals that regulate several protein kinases, which activate a class of transcription factors known as cubitus interruptus (Ci) proteins and glioblastoma (Gli) proteins.^[@R35]^

![The Sonic Hedghehog (Shh) signalling pathway: Activation of signalling pathway is connected to various transmembrane proteins (Ptc, Smo), transcription factors (Ci/Gli) and protein kinases (Su(fu), fu) (Reproduced with permissions from Reference 31).](ANS0972-7531-21-28-g003){#d35e480}

SHH Transduction {#s6}
================

Genetic studies have identified that transduction of the Hh-encoded signal is mediated by the activity of four segment polarity genes, Ptc, fused (Fu), costal-2 (Cos-2) and (Ci). Transcriptional activation of Hh target genes requires Ci, a 155 kDa cytoplasmic zinc finger protein (Ci155).^[@R36]^ Three Gli proteins Gli1, Gli2 and Gli3 are expressed in vertebrates, in overlapping domains and are partially redundant. Gli2 and Gli1 show activator functions that are dependent on Hh. Gli2 and Gli3 are proteolyzed to produce a repressor form, which is able to inhibit Hh expression. Hh regulates Gli3 repressor activity, while Gli2 is independent. This suggests uneven portioning of the separate activator and repressor functions of Ci among the three Glis, yielding proteins with related yet distinct properties.^[@R37]^ The three Gli proteins in vertebrates allow complex responses within target fields. The Hh signal cellular response depends on both level of ligand exposure and the individual Gli genes expressed.^[@R38],[@R39]^ Cos2 is a kinesin like protein, which is associated to microtubule. Cos2 is mainly the motor domain that binds to ATP and microtubules and hydrolyses ATP.^[@R37],[@R40]^ Fu is a segment polarity gene, which is phosphorylated in response to Hh signalling and involves an activation loop for Fu transcription.^[@R37],[@R41]^ Fu binds to Cos2 by its carboxy-terminal and phosphorylate it.^[@R42]^ Suppressor of fused (Sufu), Human Sufu interacts with Gli1, Gli2, Gli3, and Slimb, it has been indicated as a negative regulator of the hedgehog-signalling network.^[@R43]^ Ci, Cos2, Fu, and Sufu form a tetrameric complex for the downstream signalling process. This complex results in transcription activity of Ci. In the absence of Hh signal, the tetrameric complex is attached to the microtubules in the cytoplasm by Cos2 component. Sufu attaches itself to Ci by adhering to the Sufu domain of Ci and Cos 2 attaches to the Ci by binding to the Ci-CORD domain.^[@R37],[@R44]^ Cos2 is responsible for the proteolysis of Ci. This proteolytic reaction converts Ci from active Ci155 to inactive Ci75 state. The inactive Ci75 conversion requires phosphorylation of Ci by dPKA, CK1, and Sgg. Slimb, Sufu, and SAP18 are also implicated in this conversion. The inactive Ci75 when translocated to the nucleus fails to bring about transcription of target genes Ptch, Wg, and Dpp.^[@R37],[@R38]^ Intermediate Hh stimulation dissociates the complex from the microtubules and induces inhibition of Ci cleavage and dephosphorylation of Ci. Ci is conserved in its Ci155 form; it binds to Sufu, restricts Ci155 nuclear translocation but attenuates its transcriptional activity. Higher Hh stimulation dissociates Sufu from Act-Ci155. Sufu and cofactor dCBP upregulate target genes Ptc, Wg, and Dpp.^[@R38],[@R41]^ Ptc gene expresses Ptc protein, thus increases the transmembrane Ptc protein which attracts and attaches Shh and inhibits the Shh long range spread.^[@R37]^ Dpp acts as BMP2 and BMP4 at short ranges and it provides dorsal-ventral positional information to the embryonic ectoderm.

Conclusions {#s7}
===========

Shh is not only considered as a local short-range signalling molecule but it has also been implicated in regulating ventral patterning in the neural tube. It is perceived as an inductive factor acting at both short and long range and found to be involved in a range of processes and functions of vertebrates and invertebrates. These processes range from axial patterning, cell survival to cell proliferation and differentiation. Genetic studies investigating Shh have explained many integral aspects of the Shh signalling model in great detail. The auto proteolysis of Shh, its lipid modification, palmitoylation/cholesteroylation are fundamental to Shh dynamics over long distances. To a large extent, the movement of Shh from cell to cell is Tout-velu dependent transport. Previous research work has brought excellent scientific progress in unravelling the mysteries of Shh. We believe this brief informative review has enabled us to gain a comprehensive understanding on the key molecular events associated with Shh pathway and its mechanistic details. Further research, especially progress in genetic studies and development of novel biomarkers would reveal novel and intricate details of the biochemical and cell biological aspect of Shh signalling. More emphasis should be on understanding the mechanism of Shh activities eliciting altered cellular responses. The coming decade promises to reveal more to this dynamic signalling system.
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